Adenylate Kinase, Adenylate Energy Charge, C4 -Photosynthesis, P',P5-di(adenosine-5')pentaphosphate, Kinetic Mechanism Purified maize leaf adenylate kinase (AK) was shown to use one molecule each of free ADP and Mg-ADP as well as free AM P and Mg-ATP as substrates in the forward and reverse reac tion, respectively. This was deduced from substrate kinetic studies which were carried out un der conditions of strictly defined concentrations of free and Mg-complexed adenylate species and under controlled free magnesium levels. Apparent A T m values of the substrates of A K were 3 and 6 hm for ADP and Mg-ADP, respectively (forward reaction), and 69 and 25 for free AM P and Mg-ATP, respectively (reverse reaction). The enzyme was competitively inhibited by P',P5-di(adenosine-5')pentaphosphate (Ap5A), a bisubstrate analog of A K reaction, with apparent K• values in the range of 11 -80 n M , depending on variable substrate. Substrate kinet ic studies and inhibition patterns with A p5A suggested a sequential random kinetic mechanism in both directions of the reaction. These properties of a higher plant A K are similar or analo gous to those previously established for the enzyme from yeast and non-plant tissues.
Introduction
Adenylate kinase (AK) (A.C. 2.7.4.3) is present at high activity in the variety of tissues [1, 2] . The enzyme is considered to maintain an equilibrium of adenine nucleotides (2 ADP <-> ATP + AMP), providing a unique buffering role against rapid concentration changes of any component of this adenylate pool [1] [2] [3] . Detailed studies on purified A K from yeast and animal tissues have established that the enzyme discriminates between Mg-complexed and free adenylates, and utilizes one mole cule each of Mg-ADP and free ADP as substrates in the forward reaction, and Mg-ATP and free A M P in the reverse one [4] [5] [6] , A K is thought to be actually the only kinase-type enzyme which reacts with free nucleotide species as substrates [7] .
Contrary to A K from yeast and non-plant tis sues, the enzyme from higher plants has been pro posed to utilize exclusively the Mg-complexed adenylates as substrates in both directions of the reaction, based on results of kinetic studies with Abbreviations: AK, adenylate kinase; A p5A, P',P5-di(adenosine-5')pentaphosphate.
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Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0341-0382/90/0600-0607 $01. 30/0 partially purified maize leaf enzyme [8] and with crude chloroplast membrane-bound spinach AK [9] , In these studies, however, only total concentra tions of adenylates were considered rather than those of free and Mg-bound species, and thus the evidence presented was far from being conclusive. In our recent investigation on purified, homoge neous AK from maize leaves [10] , under condi tions of limiting magnesium concentration, the en zyme showed high rates in the reverse reaction even when less than 0.1 % of total A M P was complexed with magnesium, suggesting free AM P rather than Mg-AMP as the substrate. In the view of these discrepancies, it seemed necessary to apply more detailed kinetic approaches to investigate the nature of true substrates of a higher plant AK, with particular emphasis paid to the maintenance of defined assay concentration of free and Mg-complexed adenylate species.
In the present study, we provide further evi dence for the ability of purified maize A K to utilize both Mg-bound and free adenylates as reactants in either direction of the reaction, and propose kinet ic mechanism of maize A K based on substrate kinetics and inhibition patterns with P',P5-di(adenosine-5')pentaphosphate (Ap5A), a bisub strate analog of A K reaction [11, 12] . A prelimi nary report summarizing some of the data present ed here has been published [13] .
Reagents
AK was purified as previously described [10] . The enzyme was homogeneous as determined by SDS-electrophoresis [10] and by western immunoblots using rabbit antibodies prepared against this protein [14, 15] . ATP, A D P and A M P were from P-L Biochemicals, while A p5A was from Sig ma. Other reagents were also of analytical grade. 
Assay o f the forw ard reaction

Stability constants
Concentrations of free AMP, free A D P and free ATP, as well as those of Mg-AMP, Mg-ADP, Mg-ATP and free magnesium were calculated ac cording to O 'Sullivan and Smithers [16] , using the following stability constants: A^Mg.AMP = 69.4 m _ i , ^Mg-ADP = 3900 m ' 1, and A:Mg_AXP = 69,700 m ' 1. Complexation of Ap5A by magnesium was neg lected because of very low assay concentrations of
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this compound when compared to total levels of adenylates and magnesium.
Results and Discussion
Substrate kinetics
The nature of true substrates of maize A K was determined by means of substrate kinetic studies, using specified concentrations of free and Mg-complexed adenylate species. In preliminary experiments, it has been assumed that the sub strates of the forward reaction of A K are one mo lecule each of Mg-ADP and free ADP, by analogy to A K from yeast and non-plant tissues [4-6, 17, 18] , As pointed out by Khoo and Russell [5] , if Mg-ADP and free A DP were true substrates then, when Mg-ADP was varied at several fixed concen trations of free ADP, the double reciprocal plots would show a decrease in slope at increasing free A D P concentrations. The same rule would apply for plots with free ADP used as the variable sub strate and Mg-ADP as the fixed one. On the other hand, if Mg-ADP or free ADP were not the sub strates for A K then the double reciprocal plots would show either no change in slope or an in crease in slope caused by inhibition as the concen tration increased. Fig. 1 shows that increasing fixed concentrations of either Mg-ADP and free A D P decreased the slope and, thus, the two com pounds are indeed the substrates of the forward reaction of maize AK. Replots of v" 1 intercepts and of slopes were linear (data not shown). There did not seem to be any substrate inhibition by high concentrations of either free ADP or Mg-ADP ( Fig. 1) , in contrast to the reverse reaction which was inhibited by an excess of free AM P (see Fig. 2B ). The fact that both the primary and sec ondary plots were linear suggested that variations in levels of free magnesium, which oscillated from 5 to 308 (i m , caused no change in A K activity. Concentrations of free magnesium not exceeding 1 m M are generally considered to have no inhibito ry effect upon AK reaction [5] .
Studies on substrate kinetics of the reverse reac tion (Fig. 2) confirmed our earlier presumption [10] that free A M P and Mg-ATP are the true sub strates of maize AK. There was clearly some de crease of slope when fixed concentrations of either free AM P or Mg-ATP were increased, although the slope effect was not as evident as with sub strates of the forward reaction (Fig. 1) . Secondary plots of slopes and v~1 intercepts were linear (data not shown), similarly to the forward reaction, but the primary plots where Mg-ATP was used as a fixed substrate (Fig. 2 B) were non-linear (bent upwards) at concentrations of free A M P above 141 fiM, indicating substrate inhibition by AMP. This probably reflects an increased competition between Mg-AMP and Mg-ATP for the Mg-ATP binding site of AK: as the concentrations of free A M P increased, there was a concomittant increase in Mg-AMP levels, reaching 17 |im for assays con taining 500 | i m free AMP. Substrate inhibition by A M P was previously demonstrated for AKs from variety of tissues [4, 5, 19] . Apparent A^ms of substrates of A K, calculated from replots of v_I intercepts of Fig. 1 and 2, were 6.2 and 3.0 |im for Mg-ADP and free ADP, respec tively (forward reaction), and 25 and 69 j i m for Mg-ATP and free AMP, respectively (reverse reac tion) (see Table I ). These rather low Km values, to gether with the fact that A K shows high rates in leaf extracts of maize [8, 10, 15] , strongly indicate that the enzyme is very effective in regulating adenylate levels in vivo. In maize leaves, activity of A K is thought to be preferentially coupled to A M P formation by pyruvate, orthophosphate di kinase, a key enzyme of C4-type of photosynthesis [8, 20] . The dikinase is strongly inhibited by AM P [20] and, thus, A K has to respond rapidly to any build-up of this metabolite to prevent inhibition of photosynthesis. Kinetic properties of maize A K (low Kms, high rates) are consistent with its pro posed role in the C4-cycle and suggest that the metabolic linkage between the dikinase and A K is indeed very close.
Our data on the nature of true substrates of maize A K are contrary to the conclusions ex pressed by Murakami and Strotmann [9] for a membrane-bound A K from spinach chloroplasts, which has been suggested to react exclusively with Mg-ADP in the forward direction of the reaction. They are also contrary to Hatch's [8] presumption that partially purified maize A K utilizes Mg-AMP rather than free AM P as a substrate in the reverse reaction. In the case of the membrane-bound chlo roplast AK, the conclusions were derived from ini tial rate studies where total concentrations of ADP were varied at a fixed constant ratio of total ADP to MgCl2 [9] , Such an approach can be criticized on the ground that each velocity measurement is carried out at different concentrations of free and complexed ADP and at different levels of free magnesium, which would make a plot of v' 1 against the reciprocal of total [ADP] of no real physical significance [21] . The same argument stands against the evidence [8] for Mg-AMP serv ing as a substrate for partially purified maize AK: the data were inferred from reciprocal plots where total AM P concentrations were varied at a fixed total ATP level and a limiting M gCl2 concentra tion (this was discussed in more detail in ref. [10] ). In our studies with purified maize A K, kinetics of the forward reaction were analyzed at defined con centrations of free and complexed ADP (Fig. 1) , while the reverse reaction -at defined free magne sium, free AM P and Mg-ATP levels (Fig. 2) . Con centrations of free magnesium (for the forward reaction) as well as those of Mg-AMP and free ATP (the reverse reaction) did vary from assay to assay, but this was an unavoidable consequence of maintaining the other reactants at required con centrations.
Inhibition by P[P5-di(adenosine-5)pentaphosphate
A molecule of A p5A consists of two adenosine residues joined by a pentaphosphate bridge. The compound has been found to be a very strong in hibitor of A K from various sources [12, 17, 22] , acting as a bisubstrate analog [11] . These earlier data were confirmed for maize A K which was po tently inhibited by nanomolar concentrations of A p5A (Fig. 3 and 4) , with the apparent inhibition constants ranging from 11 to 80 nm, depending on varied substrate (Table I) . The were about two or three orders of magnitude lower than corre sponding Km values for substrates of A K (Table I) , which was rather to be expected for the compound that to some extent resembles a presumable transi tion state analog formed during catalysis of A K Concentrations of free ATP ranged from 2.2 to 14.3 (jm. [12, 23] . Similar Kp with Ap5A were previously de monstrated for A K from rabbit muscle (A^ = 4 -1 9 nM [12, 17] ) and calf muscle (A^ = 5 -2 0 nM [17] ), but significantly weaker inhibition was found for the enzyme from Trichomonas vaginalis (K{ = 2 0 0 nM [24] ), calf liver (K{ = 2 9 0 -3 9 0 0 nM [17] ) and Escherichia coli (Kx = 6 0 0 -2 1 0 0 nM [25] ). These differences may reflect a less rigid structure of maize and muscle A K when compared to the enzyme from other sources or may be due to dif ferent mechanisms of the inhibition [17] .
Kinetic patterns obtained with A p5A were com petitive against either of the substrates of A K (Fig.  3 and 4) , suggesting that the inhibitor binds only to the free enzyme form of AK. In this respect, maize A K differs from AKs of calf muscle and liv er and of rabbit muscle, which are competitively inhibited by A p5A in the reverse reaction but show' noncompetitive patterns when assayed in the for ward direction [17] . In studies on A K from other sources, the kinetics with A p5A were usually car ried out only in one direction of the reaction, al ways yielding competitive inhibition patterns [22, 24, 25] , There has been considerable interest in the phy siological function of Ap5A and related dinucleo tides, which are thought to be involved in D N A re plication [26] and could play an important role in response of organisms to various forms of envi ronmental stresses [27] . Dinucleotides can be syn thesized in vitro by some aminoacyl-tRNA synthe tases, and this has been demonstrated for prepara tions from diverse organisms, including plant tissues [28] . Unfortunately, there has been no evi dence on subcellular localization of Ap5A in leaves, which precludes evaluation of its possible physiological effect upon AK. In view of the very low KjS of maize A K with Ap5A (Table I) , it seems likely that intracellular pool(s) of A p5A should, under normal conditions, be strictly compartmen talized away from the sites occupied by A K (i.e. the chloroplasts and the space between inner-and outer-mitochondrial membranes [29] ).
Reaction mechanism
Initial velocity double reciprocal plots of AK, shown in Fig. 1 and 2 , indicate that a change in concentration of any fixed substrate alters both the intercepts and slopes of the lines drawn through experimental points. The pattern is con sistent with a sequential kinetic mechanism [7] and means that both free ADP and Mg-ADP (forward reaction) as well as free AM P and Mg-ATP (rev erse reaction) have to combine with the enzyme be fore any product can be released. This kinetic mechanism of maize A K differs from that exhibit ed by acetate kinase [30] or nucleoside diphosphokinase [31] , but agrees with mechanisms asso ciated with AKs from other tissues and with most other "kinase"-type enzymes [32, 33] .
Substrate kinetic patterns alone can not, how ever, provide information on whether substrate addition occurs randomly or in an ordered man ner, and this can be deduced only after more com plex types of kinetic studies, frequently being very laborious and yielding equivocal results [7] , In the present study, we attempted to probe the details of the sequential mechanism of maize A K by using A p5A, the bisubstrate analog of A K reaction. In hibitors that simultaneously span both substrate binding sites (in a two substrate reaction) can provide valuable information on the kinetic mech anism of a given enzyme, especially when inhibi tion caused by an analog against either of the sub strates results in competitive patterns. As has pre viously been discussed [11, 23, 34] , this would rule out an ordered mode of substrate addition and would be unique for the random mechanism. In our studies, A p5A acted clearly as a competitive in hibitor for either substrate of A K ( Fig. 3 and 4) , strongly indicating the random kinetic mecha nism. Together with the substrate kinetics data, it thus seems that the mode of action of maize A K can be best described as the sequential random mechanism in either the forward and reverse reac tion (Fig. 5) . The same mechanism was proposed for A K from yeast, based on substrate kinetics, product inhibition studies and inhibition by var ious substrate analogs [5] ; for muscle AK, based mostly on the equilibrium isotope exchange [4] , substrate kinetics and analog inhibition studies [6] ; and for liver AK, based on substrate kinetics and inhibition by phosphoenolpyruvate [6] .
It appears that previous claims on the distinct substrate specificity of a higher plant A K [8, 9] should now be replaced by the view that the action of the enzyme follows generally the same princi ples as in other organisms. This does not seem sur prising, however, as the enzyme from various sources has been found to have a fairly conserved molecular structure [14, 17, 19, 35] and it is a sim ple monomeric protein [10, 17, 19, 35] , excluding the possibility of some tissue-specific allosteric in teractions which could affect its kinetics and sub strate specificity. 
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